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GENERAL  INTRODUCTION  TO  THE  OVERALL  RESEARCH  PROPOSAL 


Vascularization  plays  a  key  role  in  the  growth  and  metastasis  of  solid  tumors  [1-6].  In  two  recent 
clinical  studies,  breast  cancer  patients  whose  tumors  had  a  high  vascular  density  subsequently  went 
on  to  develop  metastases  over  a  follow  up  period  of  2.5  years  [7,  8].  Statistical  analyses  of  these 
patients  showed  that  vascular  density  was  the  single  most  important  factor  (p<0.006)  associated 
with  subsequent  formation  of  metastasis  [8];  the  other  factors  examined  were  epidermal  growth 
factor  receptor  status  (p<0.01),  node  status  (p<0.02),  estrogen  receptor  status  (p<  0.05),  tumor 
size  (p<0.06),  tumor  grade  (p<0.5),  c-erb-2  expression  (p<0.7),  p53  (p<0.8)  and  tumor  type 
(p<0.8).  Studies  correlating  vascularization  with  metastasis  have  so  far  been  performed  with 
histological  evaluation  of  excised  tissue  specimens  [7,  8]  as  a  result  of  which  information 
regarding  functioning  of  vessels  is  lost.  Similarly,  the  physiological  environment  of  these  tumors, 
in  terms  of  acidity  and  lactate  production  remains  unknown.  Thus  a  lack  of  noninvasive  methods  has 
left  some  vital  questions  about  the  precise  nature  of  the  relationship  between  vascularization  and 
metastasis  unanswered. 

Tumor  neovascularization  is  induced  by  the  secretion  of  angiogenic  factors  which  act  as  chemotactic 
factors  and  mitogens  for  endothelial  cells  [1,  4-6].  One  of  the  most  potent  of  these  is  vascular 
endothelial  growth  factor  (VEGF).  VEGF  also  increases  vascular  permeability  which  in  turn  may 
allow  cancer  cells  greater  access  to  the  vasculature  [9].  In  glioblastoma  multiformae  areas  of 
necrosis  and  hypoxia  show  a  higher  expression  of  VEGF  [10,  11].  Poorly  functioning  vessels  and 
the  associated  hypoxia  and  necrosis  may  play  a  role  in  attracting  further  vascularization.  Areas  of 
hypoxia  are  also  associated  with  accumulation  of  lactate  and  low  pH.  These  two  physiological  factors 
attract  neovascularization  by  stimulating  the  secretion  of  angiogenic  factors  from  macrophages 
[12-15].  The  secretion  of  enzymes  which  degrade  the  basement  membrane  in  the  metastatic 
process  increases  at  low  pH  [16,  17].  Thus,  vascularization,  the  physiological  environment,  and 
formation  of  metastases  are  highly  interdependent.  An  understanding  of  the  role  of  the  physiological 
environment  in  vascularization  and  metastasis,  and  the  dependence  of  this  environment  on 
metastatic  phenotype  are  essential  to  delineate  the  relationship  between  vascularization  and 
metastasis. 

Questions  which  are  central  to  understanding  this  relationship  are  -  (1)  does  the  metastatic 
phenotype  induce  a  higher  degree  of  vascularization  and  is  this  mediated  by  modulation  of  the 
physiological  environment  ?  (addressed  in  Specific  Aims  1  and  3)  (2)  If  so,  do  nonmetastatic 
tumors  and  preneoplastic  tissue  exhibit  proportionately  lower  vascularization  ?  (addressed  in 
Specific  Aims  1  and  2)  (3)  Which  particular  property  of  the  vascularization  e.g.  permeability, 
volume  or  relative  perfusion  is  the  dominant  factor  in  the  dependence  of  metastasis  on 
vascularization  ?  (addressed  in  Specific  Aims  1  and  2)  (4)  Is  a  significant  fraction  of  the  vessels 
observed  in  the  histological  studies  non-functional  and  does  the  resultant  unsuitable  environment 
induce  expression  of  signals  or  substances  which  prompt  and  enable  the  cells  to  metastasize  ? 
(addressed  in  Specific  Aim  1 ).  The  overall  goal  of  this  research  proposal  is  to  use  noninvasive 
Magnetic  Resonance  (MR)  Imaging  (I)  and  Spectroscopy  (S)  to  answer  the  questions  posed  above. 

The  research  proposed  consists  of  three  closely  related  aims  designed  to  unravel  the  complex 
relationship  between  vascularization  and  metastasis.  Our  overall  goal  in  this  project  is  to 
determine  key  vascular  and  physiological  properties  which  result  in  the  close  relationship  between 
vascular  density  and  metastasis  as  this  information  may  ultimately  be  used  to  prevent  tumor 
metastasis.  We  had  proposed  the  following  three  aims: 

Aim  1 :  To  investigate  the  relationship  between  metastatic  phenotype  and  the  development  of 
vascularization  and  evaluate  the  functionality  of  the  developing  vascularization  in  terms  of  vascular 
volume,  vascular  permeability  and  relative  perfusion. 
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Hypothesis  #1:  More  metastatic  lines  will  exhibit  a  higher  level  of  vascularization  and 
permeability  for  similar  volumes.  A  significant  number  of  vessels  detected  by  immunoperoxidase 
staining  will  not  be  functional  and  this  number  will  increase  with  the  size  of  the  tumor. 

Aim  2:  To  investigate  the  effect  of  increasing  (a)  tumor  vascularization  and  (b)  tumor 
vascularization  and  permeability  on  the  formation  of  metastases. 

Hypothesis  #2:  Higher  vascularization  and  permeability  will  lead  to  an  increase  or  an  earlier 
incidence  of  metastases  for  all  the  lines. 

(Aims  1  and  2  are  related  to  questions  1-4  outlined  in  background) 

Aim  3:  To  determine  the  relationship  between  metastatic  phenotype  and  intra-  and  extracellular  pH 
and  lactate  production. 

Hypothesis  #3:  More  metastatic  lines  will  be  more  glycolytically  active  in  vivo,  creating  an 
environment  of  high  lactate  and  low  extracellular  pH  for  volume  matched  lesions. 

(Aim  3  is  related  to  question  1  outlined  in  background) 

We  have  made  significant  progress  in  performing  studies  proposed  in  Aim  1  and  Aim  3. 
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PROGRESS  MADE  IN  AIM  1  (TWO  STUDIES^ 

Aim  1 :  To  investigate  the  relationship  between  metastatic  phenotype  and  the  development  of 
vascularization  and  evaluate  the  functionality  of  the  developing  vascularization  in  terms  of  vascular 
volume,  vascular  permeability  and  relative  perfusion. 

AIM  1  -  STUDY  1 

Quantitative  Magnetic  Resonance  Imaging  of  Vascular  Volume  and 
Permeability 

James  F.  Glockner,  Dmitri  Artemov  and  Zaver  M.  Bhujwalla 

ABSTRACT 


We  used  the  distribution  of  the  intravascular  paramagnetic  contrast  agent  albumin-GdDTPA 
(gadolinium  diethylenetriamine  pentaaceticacid)  to  quantitatively  image  vascular  volume  and 
permeability  of  highly  metastatic  human  MDA-MB-231  breast  tumors  grown  in  the  mammary  fat 
pad  (mfp)  and  flank  of  SCID  mice,  and  lowly  metastatic  RIF-1  tumors  grown  in  the  flank  of  C3H 
mice.  The  studies  were  performed  to  understand  the  role  of  vascular  properties  in  the 
dissemination  of  solid  tumors.  Quantitative  images  were  obtained  with  an  in-plane  resolution  of 
125  pm  and  slice  thickness  of  700  pm.  Tumor  volumes  ranged  from  100-300  mm3.  Vascular 
volumes  in  pl/gm  of  MDA-MB-231  mammary  fat  pad  and  flank  tumors  were  significantly  higher 
than  for  size  matched  RIF-1  tumors.  Vasculature  of  MDA-MB-231  flank  tumors  was  the  most 
permeable.  Both  vascular  volume  and  permeability  values  were  spatially  heterogeneous  for  both 
tumor  types.  In  the  images,  regions  with  high  vascular  volume  did  not  coincide  spatially  with 
regions  of  high  permeability.  Studies  relating  vascular  volume  to  metastatic  potential  merit 
further  investigation  and  may  indicate  a  possible  role  for  MRI  in  the  prediction  of  metastatic 
potential. 

MATERIALS  AND  METHODS 


For  our  experiments  we  used  a  highly  metastatic  human  breast  cancer  line  (MDA-MB-231)  [18] 
and  a  lowly  metastatic  C3H  mouse  fibrosarcoma  (RIF-1)  line  [19].  The  metastatic  human  breast 
cancer  cell  line  was  grown  in  the  orthotopic  site  of  the  mammary  fat  pad  (mfp)  or  the  flank  (f)  of 
mice,  since  the  cell  line  metastasizes  to  a  significantly  lesser  extent  when  grown  in  a  heterotopic 
site  like  the  flank  [20].  MDA-MB-231  cells  were  inoculated  in  the  right  flank  and  the  right 
upper  thoracic  mammary  fat  pad  (mfp)  of  severe  combined  immune  deficient  (SCID)  mice  in  a 
volume  of  0.05ml  Hanks  balanced  salt  solution,  at  a  concentration  of  10®  cells/0. 05ml.  RIF-1 
tumor  cells,  at  a  concentration  of  10^  cells/0. 05ml,  were  inoculated  in  a  volume  of  0.05ml  Hanks 
balanced  salt  solution  in  the  right  flank  of  female  C3H  mice. 

Tumors  were  examined  at  volumes  of  100-300  mm3.  Tumor  volumes  were  calculated  from  caliper 
measurements  of  tumor  axes  (a,b,c)  using  the  equation  for  an  elliptical  volume  (;i/6)abc.  Imaging 
studies  were  performed  on  a  GE  CSI  4.7T  instrument  equipped  with  shielded  gradients.  Alb-GdDTPA 
was  synthesized  in  our  laboratory  according  to  the  procedure  originally  described  by  Ogan  et  a/., 
[21  ].  Images  were  obtained  with  a  solenoid  coil  wrapped  around  the  tumor.  A  small  capillary  filled 
with  water  doped  with  GdDTPA  was  attached  to  the  side  of  the  coil  to  (a)  serve  as  an  intensity 
reference,  (b)  ensure  that  spatial  registration  was  identical  for  all  images,  and  (c)  reference 
histological  sections  with  images.  Animals  were  anesthetized  with  a  mixture  of  ketamine  and 
acepromazine  (50  mg/kg,  5  mg/kg).  The  tail  vein  of  the  animal  was  catheterized  before  it  was 
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placed  in  the  magnet.  Animal  body  temperature  was  maintained  at  37°C  by  heat  generated  from 
warm  water  circulating  through  a  pad.  Studies  were  carried  out  on  MDA-MB-231  tumors  (n=6 
for  mfp  tumors;  n=4  for  flank  tumors)  and  RIF-1  tumors  (n=4). 

For  the  imaging  studies,  T i  maps  (using  saturation  recovery)  were  obtained  with  three  recovery 
time  intervals  (100ms,  500ms,  Is)  for  a  0.7  mm  sagittal  slice  through  the  center  of  the  tumor 
(Field  of  View  =16mm;  128x128  matrix;  number  of  averages  =2;  sw=20000;  in-plane  resolution 
=  125  |im;  repetition  time  =100ms;  echo  time  =16ms).  A  0.2ml  bolus  of  a  solution  of  60mg/ml 
alb-GdDTPA  made  up  in  saline  was  injected  through  the  tail  vein  (dose  of  500mg/kg).  Ti  maps 
were  obtained  before  and  at  3  time  intervals  of  20  minutes  each  after  the  intra-venous  (i.v.) 
injection.  Data  acquisition  for  the  first  post  contrast  agent  map  was  initiated  1 0  minutes  after  the 
i.v.  injection  to  allow  for  equilibration  of  the  contrast  agent.  At  the  end  of  the  imaging  studies,  the 
animal  was  sacrificed,  0.5  ml  of  blood  was  withdrawn  from  the  inferior  vena  cava,  and  the  tumors 
were  excised  and  fixed  in  1 0%  buffered  formalin  for  sectioning  and  staining. 

Vascular  volume  and  permeability  product  surface  area  (PS)  maps  were  generated  from  the  ratio  of 
A(1/T-|)  values  in  the  images  to  that  of  blood  using  an  IDL  (Interactive  Data  Language,  Research 
Systems,  Inc.)  program.  The  slope  of  A(1/Ti)  ratios  versus  time  in  each  pixel  was  used  to 
compute  (PS)  while  the  intercept  of  the  line  at  zero  time  was  used  to  compute  vascular  volume  [22, 
23].  Thus,  vascular  volumes  were  corrected  for  permeability  of  the  vessels  within  each  pixel. 

Five  5pm  thick  paraffin  embedded  histological  sections  were  obtained  from  the  imaged  slice  and 
immunohistochemically  stained  for  VEGF  expression.  A  rabbit  polyclonal  anti-VEGF  antibody 
(Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  cross  reactive  with  mouse,  rat  and  human  tissue  was 
used  at  a  1 :200  dilution  factor  [24]  .  Negative  controls  were  obtained  using  all  reagents  except  the 
primary  antibody.  Adjacent  sections  were  stained  with  haematoxylin  and  eosin  for  morphological 
information. 

RESULTS 


Both  vascular  volume  and  permeability  were  spatially  heterogeneous  for  both  tumor  types.  Most 
tumors  showed  a  higher  vascular  volume  around  the  periphery  which  was  consistent  with  the 
presence  of  higher  vessel  density  in  the  histological  sections.  Regions  with  high  vascular  volume 
did  not  coincide  entirely  with  regions  of  high  permeability  but  there  was  some  overlap.  Figures  1  a, 
b,  c  and  d  are  high-resolution  saturation  recovery  spin-echo  images  (recovery  time  of  Is  which 
provides  strong  TI  contrast)  showing  the  uptake  and  distribution  of  alb-GdDTPA  in  a  mfp  MDA- 
MB-231  tumor  (vol.  250  mm^)  before  and  at  median  time  points  of  20,  40  and  60  min  after 
injection.  The  corresponding  vascular  volume  and  permeability  images  are  shown  in  Figures  2a  and 
b;  these  images  are  contrast  enhanced  for  clarity.  Figures  3a,  b,  c  and  d  are  high-resolution 
saturation  recovery  spin-echo  images  (recovery  time  of  1  s)  showing  the  uptake  and  distribution  of 
alb-GdDTPA  in  a  MDA-MB-231  tumor  inoculated  in  the  flank  (volume  187  mm^).  The  images 
were  obtained  before  and  at  median  time  points  of  20,  40  and  60  min  after  injection  of  alb-GdDTPA. 
The  corresponding  vascular  volume  and  permeability  images  are  shown  in  Figures  4a  and  b;  these 
images  are  contrast  enhanced  for  clarity.  This  tumor  demonstrated  the  highest  permeability  in  the 
entire  study  and  also  contained  a  fairly  large  focus  of  necrosis. 

Table  1  contains  mean  vascular  volume  and  permeability  values  calculated  by  averaging  over  the 
entire  imaged  slice  of  each  tumor  for  the  three  combinations  of  tumor  type  and  inoculation  site. 
When  compared  to  RIF-1  tumors  (vascular  volume  18.7  +  4  pJ/gm),  MDA-MB-231  mfp  tumors 
showed  the  highest  vascular  volume  (46.6  ±  9  (il/gm)  followed  by  MDA-MB-231  flank  tumors 
(37.4  +  8.5  pl/gm).  MDA-MB-231  flank  tumor  vasculature  was  the  most  permeable  and  also 
showed  a  high  expression  of  VEGF  in  terms  of  staining  density. 
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VEGF  staining  was  most  intense  around  necrotic  areas.  A  coarse  spatial  agreement  was  observed 
between  areas  with  high  VEGF  expression  in  the  histological  section  and  areas  of  high  permeability 
observed  in  the  MRI  images  for  the  MDA-MB-231  line.  We  are  unable  to  comment  on  the 
expression  of  VEGF  in  RIF-1  tumors  because  of  the  cross  reactivity  of  the  VEGF  antibody. 

The  volume  doubling  time  of  RIF-1  tumors  in  our  laboratory  was  approximately  72  h,  which  is 
consistent  with  the  doubling  time  for  this  tumor  model  reported  in  other  studies  [19]  .  RIF-1 
tumors  were  palpable  1-2  mm  diameter)  within  12  days  of  inoculation.  MDA-MB-231  tumors 
exhibited  a  significantly  longer  latent  period  than  RIF-1  tumors  and  were  palpable  only  after  4-6 
weeks  of  inoculation.  The  volume  doubling  time  of  MDA-MB-231  tumors  was  approximately  14 
days  which  is  consistent  with  values  reported  by  Zhang  et  al.[18].  Metastatic  nodules  (3  mm 
diameter)  were  observed  in  the  left  and  right  axillary  lymph  node  regions  when  mfp  tumors  were 
excised  at  volumes  of  900  mm3.  Histological  sections  of  excised  liver,  when  examined,  also  showed 
metastatic  foci. 

Figure  1 


Figure  1 :  High-resolution  saturation  recovery  spin-echo  images  (recovery  time  of  1  s)  showing 
the  uptake  and  distribution  of  alb-GdDTPA  in  a  mfp  MDA-MB-231  tumor  (volume  250  mm3)  (a) 
before  and  at  (b)  20,  (c)  40  and  (d)  60  min  after  injection  of  alb-GdDTPA.  The  small  glass 
capillary  containing  water  doped  with  GdDTPA  can  also  be  observed  in  the  images.  Details  of  image 
acquisition  parameters  are  described  in  the  Methods  section. 
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Figure  2 


1000  ul/am 


(b) 


Figure  2:  (a)  Vascular  volume  and  (b)  permeability  images  obtained  for  tumor  shown  in  Figure 

1 ;  these  images  are  contrast  enhanced  for  clarity. 
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Figure  3 


Figure  3:  High-resolution  saturation  recovery  spin-echo  images  (recovery  time  of  Is)  showing 
the  uptake  and  distribution  of  a!b-GdDTPA  in  a  flank  MDA-MB-231  tumor  (volume  187  mm3)  (a) 
before  and  at  (b)  20,  (c)  40  and  (d)  60  min  after  injection  of  alb-GdDTPA.  The  small  glass 
capillary  containing  water  doped  with  GdDTPA  can  also  be  observed  in  the  images.  Details  of  image 
acquisition  parameters  are  described  in  the  Methods  section. 
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Figure  4:  (a)  Vascular  volume  and  (b)  permeability  images  obtained  for  tumor  shown  in  Figure 
3;  these  images  are  contrast  enhanced  for  clarity. 
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Table  1 . 

Mean  vascular  volume  and  permeability  values  calculated  by  averaging  over  the  entire  imaged  slice 
of  each  tumor  for  the  three  combinations  of  tumor  type  and  inoculation  site. 


Tumor  type 

Vascular  volume 
(pi/ gm) 

Permeability 
(p  l/gm-min) 

MDA-MB-231 

46.6  +  9* 

0.85  ±  0.13 

(mfp);  n=6 

(p<0.05,  compared  to  RIF-1) 

MDA-MB-231 

37.4  ±8.5* 

1.64  ±  0.26* 

(f);  n=4 

(p<0.09,  compared  to  RIF-1) 

(p<0.02  compared  to  mfp; 
p<0.08  to  RIF) 

RIF-1 
(f);  n=4 

18.7  ±  4 

0.92  ±0.23 

Values  represent  Mean  +  1  S.E.M  (p  values  for  2-tail  unpaired  t-test);  flank  (f);  mammary  fat 
pad  (mfp).  *  indicates  significance. 


DISCUSSION  AND  CONCLUSIONS 


Values  of  vascular  volume  and  permeability  were  heterogeneous.  When  averaged  over  the  entire 
imaged  slice,  values  of  vascular  volume  and  permeability  were  in  good  agreement  with  those 
obtained  previously  using  radioactively  labeled  albumin  (M.W.60,00)  for  the  RIF-1  tumor  model 
[22,  23].  There  are  no  literature  values  of  vascular  volume  and  permeability  available  for 
comparison  for  the  MDA-MB-231  tumors  but  the  values  fall  within  the  ranges  observed  using 
radioactively  labeled  albumin  for  other  tumor  models  [25].  MRI  measurements  of  vascular  volume 
were  obtained  by  assuming  fast  exchange  of  water  protons  between  vascular,  interstitial  and 
cellular  compartments  in  the  tumors.  While  tissue  vascular  volumes  obtained  based  on  this 
assumption  have  a  high  correlation  with  conventional  radioisotope  measurements  [26]  intermediate 
exchange  has  been  detected  in  isolated  perfused  hearts  [27].  The  assumption  of  fast  exchange  may 
therefore  lead  to  a  systematic  error  not  exceeding  1  5%  in  the  estimate  of  vascular  volume[28]  . 

Vascular  volume  was  consistently  higher  around  the  periphery  of  the  tumors  consistent  with 
previous  observations  that  peripheral  vascularization  was  one  of  two  basic  patterns  of  tumor 
vascularization,  the  other  being  central  vascularizatin  [29].  Tumor-induced  blood  vessels  are 
fragile  and  highly  permeable.  Tumor  cells  may  contribute  to  vascular  permeability  by  expressing 
vascular  permeability  factors  such  as  VEGF.  Dvorak  et  al  [30]  observed  that  the  permeability  of 
vessels  within  a  given  tumor  was  not  uniform,  but  varied  extensively.  Vessels  at  the  periphery  had 
the  highest  permeability,  whereas  vessels  at  the  core  were  the  least  permeable.  In  our  study,  there 
was  some  evidence  of  higher  vascular  permeability  at  the  periphery  of  most  of  the  tumors. 
Flowever,  since  it  was  possible  to  overlay  vascular  volume  and  permeability  maps  we  also 
determined  that  the  spatial  distributions  of  vascular  volume  and  permeability  did  not  coincide 
entirely.  In  fact  there  were  some  regions  with  very  high  permeability  which,  in  fact,  had  very  low 
vascular  volumes.  One  possible  explanation  for  these  observations  is  that  areas  with  low  vascular 
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volume  may  also  contain  the  most  leaky  and  non-functional  vasculature.  Spatially,  the  distribution 
of  VEGF  coincided  with  areas  of  high  permeability.  Recently,  Demsar  et  al.  [31  ]  have  also  observed 
that  regions  of  high  vascular  volume  do  not  necessarily  coincide  with  regions  of  higher 
permeability  . 

The  MDA-MB-231  cell  line  was  originally  isolated  from  the  pleural  effusions  of  a  patient  with 
breast  carcinoma.  The  line  is  highly  metastatic  when  inoculated  in  the  mammary  fat  pad  but  rarely 
metastasizes  when  inoculated  in  the  flank  [18].  The  RIF-1  (radiation-induced  fibrosarcoma) 
tumor  line  arose  in  the  hind  limb  of  a  C3H/Km  mouse  which  received  fractionated  irradiation  over 
1 2  weeks.  A  flank  tumor  burden  in  excess  of  even  1 0  g  does  not  metastasize  [1 9,  32].  Although  it 
is  an  animal  tumor  model,  its  nonmetastatic  behavior  in  the  flank  coupled  with  the  fact  that 
independent  vascular  volume  and  permeability  measurement  were  available  for  RIF-1  flank  tumors 
for  comparison  with  our  MRI  technique  made  it  an  attractive  choice.  It  is  interesting  to  note  that 
despite  the  dramatic  difference  in  volume  doubling  time  between  the  RIF-1  and  MDA-MB-231 
model  (3  days  vs  14  days),  the  vascular  volume  of  MDA-MB-231  tumors  was  significantly  higher 
than  for  the  RIF-1  tumors.  Yet,  RIF-1  tumors  at  the  volumes  studied  here,  do  not  exhibit  necrosis. 
The  balance  between  tumor  growth,  vascular  volume,  and  necrosis  is  complex  and  will  rest  in  part 
upon  the  cell  cycle  time,  the  cell  loss  factor,  the  rate  of  dead  cell  clearance,  the  ability  of  cells  to 
generate  an  angiogenic  response,  the  endothelial  cell  proliferation  rate,  the  growth  fraction  and  the 
energy  requirements  of  cells  [33,  34]. 

The  vasculature  of  the  MDA-MB-231  line  was  significantly  more  permeable  in  the  heterotopic  site, 
compared  to  the  orthotopic  site.  Since  flank  tumors  metastasize  to  a  lesser  extent  than  fat  pad 
tumors  the  results  obtained  suggest  that  vascular  permeability  (as  measured  by  alb-GdDTPA)  alone 
may  not  play  a  significant  role  in  metastasis. 

It  is  possible  to  detect  significant  differences  in  vascular  volume  and  permeability  using  MRI  and, 
within  the  constraints  of  our  present  study  we  observed  that  the  lowly  metastatic  RIF-1  tumor 
generated  significantly  lower  vascular  volume  than  the  highly  metastatic  MDA-MB-231  tumor. 
The  relationship  between  vascular  volume  and  metastatic  potential  merits  further  investigation 
with  MRI  for  tumors  with  different  embryologic  origins  and  different  histologies,  with  differing 
metastatic  behavior.  If  such  a  relationship  is  demonstrated  for  a  wide  range  of  tumors,  a  clinical 
MRI  method  for  determining  vascular  volume  will  play  a  significant  role  in  the  prediction  of 
metastatic  potential. 
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AIM  1  -  STUDY  2 


3-Dimensional  MRI  Quantitation  of  Tumor  Vascular  Volume  and 
Permeability 

Dmitri  Artemov  and  Zaver  M.  Bhujwalla 

INTRODUCTION 

To  further  understand  the  role  of  vascularization  and  permeability  in  tumor  metastasis  it  is 
necessary  to  relate  these  parameters  to  the  expression  of  VEGF  (2-3),  to  histomorphological 
information  such  as  necrosis  and  to  immunohistochemical  staining  of  growth  factors  and  protein 
expression  (4).  One  of  the  perennial  problems  in  relating  noninvasive  images  to  hispathological 
information  is  accurate  spatial  co-registration.  This  problem  of  spatial  co-registration  can  be 
simplified  by  obtaining  3-dimensional  (3-D)  reconstructed  maps  of  the  parameter  being 
quantitated  by  MRI  to  compare  with  3-D  reconstructed  histopathological  maps.  3-D  reconstructed 
quantitative  maps  also  provide  more  comprehensive  information,  compared  to  single  slice  images, 
of  the  parameter  being  measured.  Here  we  present  results  of  3-D  mapping  of  tumor  vascular 
volume  and  permeability.  The  images  were  reconstructed  from  multi-slice  distribution  of  the 
intravascular  paramagnetic  contrast  agent  albumin-GdDTPA  (gadolinium  diethylenetriamine 
pentaacetic  acid),  obtained  from  multi-slice  Ti  maps.  3-D  maps  were  obtained  for  a  metastatic 
human  breast  cancer  cell  line  (MDA-MB-231)  and  a  non  metastatic  human  breast  cancer  line 
(MCF-7),  grown  in  the  flank  of  severe  combined  immune  deficient  (SCID)  mice. 

METHODS  AND  MATERIALS 


Imaging  studies  were  performed  on  a  GE  Omega  4.7T  instrument  using  a  solenoidal  coil  wrapped 
around  the  tumor  (volumes  100-300mm3).  The  tail  vein  of  the  anaesthetized  animal  was 
catheterized  before  it  was  placed  in  the  magnet.  Animal  body  temperature  was  maintained  at  37oC 
by  heat  generated  from  a  warm  water  pad.  3-D  distributions  of  relaxation  rates  (T-|_1)  in  tumors 
were  obtained  by  a  saturation  recovery  method  combined  with  fast  3-D  Ti  SNAPSHOT-FLASH 
imaging  (5)  (flip  angle  of  7°,  echo  time  of  2ms).  Images  of  8  slices  (slice  thickness  of  1mm) 
acquired  with  an  in-plane  spatial  resolution  of  250mm  (64x64  matrix,  16mm  field  of  view, 
NS=16)  were  obtained  for  3  relaxation  delays  (100ms,  500ms,  and  Is)  for  each  of  the  slices. 
Thus,  64x64x8  3-D  Ti  maps  were  acquired  within  7  minutes,  images  were  obtained  before  i.v. 
administration  of  0.2m!  of  60  mg/ml  albumin-GdDTPA  in  saline  (dose  of  500mg/kg)  and  repeated 
every  8  minutes,  starting  10  minutes  after  the  injection,  up  to  32  minutes.  An  M0  map  with  a 
recovery  delay  of  7s  was  acquired  once  at  the  beginning  of  the  experiment.  3D  relaxation  maps 
were  reconstructed  from  data  sets  for  three  different  relaxation  times  and  the  Mo  data  set.  At  the 
end  of  the  imaging  studies,  the  animal  was  sacrificed,  0.5  ml  of  blood  was  withdrawn  from  the 
inferior  vena  cava,  and  tumors  were  excised  and  fixed  in  1 0%  formalin  for  sectioning  and  staining. 
Vascular  volume  [VV]  and  permeability  product  surface  area  (PS)  maps  were  generated  from  the 
ratio  of  A(1/T1 )  values  in  the  images  to  that  of  blood.  The  slope  of  A ( 1  /T 1 )  ratios  versus  time  in 
each  pixel  was  used  to  compute  (PS)  while  the  intercept  of  the  line  at  zero  time  was  used  to  compute 
vascular  volume  (1).  Thus,  vascular  volumes  were  corrected  for  permeability  of  the  vessels.  IDL 
software  was  used  for  data  analysis. 
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RESULTS 


Figure  1  a,  b,  c  and  d  show  vascular  volume  and  permeability  images  for  MCF-7  (a,b)  and 
MDA-MB-231  tumors  (c,d).  The  3-D  views  were  composed  with  the  Slicer  routine  of  the  IDL 
program  after  zero-filling  experimental  data  to  64x64x32  pixels.  This  matches  the  geometrical 
appearance  of  the  images  to  the  field  of  view  of  the  imaging  experiment  (1 6x1 6x8mm).  A  wedge  is 
placed  through  Figure  1  a  and  b  to  demonstrate  the  distribution  of  vascular  volume  and  permeability 
through  the  core  of  the  tumor. 

Vascular  volume  and  permeability  were  spatially  heterogeneous.  As  observed  before  regions  with 
high  vascular  volume  did  not  coincide  spatially  with  regions  of  high  permeability  although  there 
was  some  overlap.  Vascular  volume  and  permeability  was  more  uniform  for  the  smaller  MDA- 
MB-231  tumor.  3-D  maps  for  this  small  tumor  also  contain  a  portion  of  the  chest  wall. 
Representative  2D  slices  through  the  center  of  the  tumor  for  the  images  presented  in  Fig.  1  are 
shown  in  Fig. 2 


a)  b)  c)  d) 


Figure  2  a)  MCF-7  VV;  b)  MCF-7  PS;  c)  MDA  VV;  d)  MDA  PS. 
Gray  scale  values  as  in  Figure  1 . 
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DISCUSSION  AND  CONCLUSION 


We  have  shown  here,  for  the  first  time,  the  feasiblity  of  obtaining  noninvasive  quantitative  3-D 
maps  of  tumor  vascular  volume  and  permeability.  The  use  of  saturation  recovery  rather  than 
inversion  recovery  significantly  reduced  the  acquitision  time  of  the  images.  Such  technological 
availability  provides  a  cutting-edge  for  research  aimed  at  understanding  the  role  of  vascularization 
and  permeability  in  tumor  metastasis. 
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Aim  3:  To  determine  the  relationship  between  metastatic  phenotype  and  intra-  and  extracellular  pH 
and  lactate  production. 

Nm23-transfected  MDA-MB-435  human  breast  carcinoma  cells  form 
tumors  with  altered  phospholipid  metabolism  and  pH.  A  31  p  NMR 
study  In  vivo  and  In  vitro 

Zaver  M.  Bhujwalla  and  Eric  0.  Aboagye 

IN  COLLABORATION  WITH 

Charmaine  E.  Mendola,  Joseph  M.  Backer 

Department  of  Microbiology  and  Immunology,  New  York  Medical  College,  Valhalla,  NY  10595 
and 

Robert  J.  Gillies 

Department  of  Biochemistry,  University  of  Arizona,  Tucson,  AZ  85724 
ABSTRACT 

Nm23  genes  are  implicated  in  the  control  of  the  metastatic  potential  of  tumor  cells.  In  order  to 
understand  the  impact  of  nm23  genes  on  tumor  physiology  and  metabolism  we  undertook  a  31p 
NMR  study  of  tumors  formed  in  the  mammary  fat  pad  of  SCID  mice  by  MDA-MB-435  human 
breast  carcinoma  cells  transfected  with  cDNA  encoding  wild  type  and  catalytically  inactive  nm23-l 
and  nm23-2  proteins.  Tumors  formed  by  MDA-MB-435  cells  transfected  with  vector  alone,  and  by 
untransfected  MDA-MB-231  cells  were  used  as  controls.  All  transgene  tumors  exhibited 
significantly  higher  levels  of  phosphodiester  (PDE)  compounds  relative  to  phosphomonoester  (PME) 
compounds  in  vivo  compared  to  control  tumors.  High  resolution  31p  NMR  spectra  of  tumor 
extracts  identified  the  components  of  the  PDE  region  as  the  membrane  breakdown  products 
glycerophosphocholine  (GPC)  and  glycerophosphoethanolamine  (GPE)  while  the  PME  region 
consisted  of  the  membrane  precursors  phosphocholine  (PC)  and  phosphoethanolamine  (PE).  These 
differences  were  also  observed  for  spectra  obtained  from  cells  growing  in  tissue  culture  and  may 
reflect  differences  in  fatty  acid  requirements  or  differences  in  membrane  turnover  and  degradation 
rates  following  transfection  with  nm23.  31p  NMR  measurements  of  intra-  and  extracellular  pH 
revealed  significant  differences  between  control  and  transgene  tumors.  Intracellular  pH  was 
significantly  lower  for  transgene  tumors  formed  by  MDA-MB-435  cells  transfected  with  cDNA 
encoding  wild  type  nm23-l  and  nm23-2  proteins  while  extracellular  pH  was  significantly  higher  for 
transgene  tumors  formed  by  MDA-MB-435  cells  transfected  with  cDNA  encoding  wild  type  nm23- 
1,  nm23-2  and  catalytically  inactive  nm23-2  proteins.  The  results  demonstrate  the  utility  of  31p 
NMR  spectroscopy  in  establishing  the  role  of  nm23  genes  in  tumor  metabolism  and  metastatic 
dissemination. 

INTRODUCTION 


Despite  continuing  advances  in  the  molecular  characteristics  of  events  promoting  metastasis,  little 
impact  has  been  made  on  therapy  or  survival  for  patients  with  advanced  metastatic  tumors  [35].  This 
is  partly  due  to  the  lack  of  identifiable  targets  against  which  to  design  antineoplastic  agents  to  control 
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the  metastatic  spread  of  cancer.  Multinuclear  NMR  methods  have  a  unique  role  to  play  in  answering 
this  challenge  by  providing  an  understanding  of  the  biochemical  and  physiological  mechanisms 
involved  in  invasion  and  metastasis.  Such  an  understanding  can  identify  rational  targets  for  therapy. 
Recently  it  was  shown  that  the  nm(nonmetastatic)23  gene  is  related  to  suppression  of  metastasis;  the 
metastasis  suppression  function  of  the  nm23  gene  was  proposed  on  the  basis  of  correlation  and 
transfection  studies  in  murine  and  human  systems  [36,  37]. 

Currently,  two  highly  homologous  and  evolutionary  conserved  nm23  genes,  nm23-l  and  nm23-2, 
have  been  identified  in  mammals  [38,  39]  and  two  nm23  genes  (nm23-Hl  and  nm23-H2)  have  been 
identified  in  humans  [40,  41].  The  two  murine  nm23  genomic  DNAs  have  been  cloned  and 
sequenced  [42,  43].  The  human  nm23-Hl  and  nm23-H2  genes  have  been  localized  to  chromosome 
17q21  [44,  45].  These  genes  encode  17  kDa  proteins  which  have  been  identified  as  nucleoside 
diphosphate  kinases  (NDPK)  A  and  B,  which  form  homomers  and  heteromers.  In  addition  NDPK  B 
displays  an  increasing  list  of  other  activities  that  are  apparently  unrelated  to  its  catalytic  functions. 
However,  the  cellular  mechanisms  by  which  the  nm23  protein  suppresses  metastatic  phenotypic 
expression  is  as  yet  unknown.  Here  we  have  used  31p  NMR  spectroscopy  to  study  metabolic  and 
physiological  characteristics  of  tumors  induced  in  SCID  mice  by  MDA-MB-435  human  breast 
carcinoma  cells  transfected  with  wild  type  and  catalytically  inactive  cDNA  of  nm23-l  and  nm23-2. 
Such  studies  can  provide  further  understanding  of  the  cellular  functions  of  nm23  and  of  the 
mechanisms  of  action  of  nm23-l  and  nm23-2  genes  and  their  role  in  metastatic  dissemination  of 
tumor  cells. 

MATERIALS  AND  METHODS 


Coding  sequences  of  normal  nm23-l  and  nm23-2  proteins  and  catalytically  inactive  mutant  nm23- 
1T  and  nm23-2T  proteins  in  which  his  118  was  substituted  by  tyrosine,  were  cloned  into  the 

eucaryotic  expression  vector  ppalPstNeo  under  control  of  a  constitutive  HCMV  promoter  4  [45, 46] . 
NM-23  proteins  were  rendered  catalytically  inactive  by  this  substitution,  since  phospho-hisll8  is  an 
obligatory  phosphorylated  intermediate  in  the  NDPK  reaction  [47].  The  vector  contains  a  neo¬ 
resistance  gene  under  control  of  SV40  promoter.  MDA-MB-435  breast  carcinoma  cells  were 
transfected  with  nm23  constructs  using  a  Lipofectin  kit  (BRL)  and  selection  of  transfected  clones 

was  done  in  the  presence  800  pg/ml  G418.  Nm23  transfected  pooled  clones  of  MDA-MB-435  were 

then  transfected  with  plZsp-pgluc  (puro),  a  mammalian  expression  vector  containing  bacterial  13- 
glucuronidase  under  control  of  a  constitutive  HCMV  promoter  and  puromycin  resistance  gene  under 
control  of  SV-40  promoter  (Gift  from  Dr.  T.  Jones,  Lederle  Laboratories).  Selection  of  clones 

expressing  bacterial  P -glucuronidase  was  done  in  the  presence  of  0.375  |ig/ml  puromycin  and  800 
flg/ml  G418.  Pooled  clones  of  double  transfected  cells  named  MDA-MB-435-V,  MDA-MB-453-ip, 
MDA-MB-435-1TP,  MDA-MB-435-2P,  and  MDA-MB-435-2Tp  for  vector  alone,  nm23-l/p- 
glucuronidase,  nm23-lT/p-glucuronidase,  nm23-2/p-glucuronidase,  and  nm23-2T/P-glucuronidase 

transfections  respectively  were  maintained  in  the  presence  of  0.375  |ig/ml  puromycin  and  800  pg/ml 
G418.  Presence  of  transgenes  was  confirmed  by  PCR  analysis,  Western  blot  analysis,  and  staining 
with  5-bromo-4-chloro-3-indol  1  glucuronide  (X-glu). 

MDA-MB-435-V,  MDA-MB-435- lp,  MDA-MB-435-lTp,  MDA-MB-435-2p,  MDA-MB-435-2TP 
and  wild  type  MDA-MB-23 1  cells  (as  an  additional  control)  were  injected  in  the  upper  left  thoracic 
mammary  fat  pad  (mfp)  of  SCID  mice  (10^  cells  in  0.05ml  of  Hank's  balanced  salt  solution).  The 
experimental  protocol  was  approved  by  the  Institutional  Animal  Care  and  Use  Committee.  Mice 
were  anesthetized  with  ketamine  (50mg/kg;  Aveco  Ltd.)  and  acepromazine  (5mg/kg;  Aveco  Ltd.). 
Tumor  volumes,  were  calculated  from  caliper  measurements  of  tumor  axes  (a,b,c)  using  the 
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equation  for  an  elliptical  volume  (rc/6)abc.  Tumor  volumes  were  measured  just  prior  to  performing 
the  3  lp  NMR  spectroscopic  studies.  Volumes  of  tumors  used  in  this  study  were  of  the  order  of  300 
mm3,  a  separate  group  of  'large'  MDA-MB-435-lTp  tumors  with  volumes  of  700  mm3  were  also 
examined. 

31p  NMR  spectroscopic  studies  were  performed  on  a  GE  CSI  4.7T  instrument  equipped  with 
shielded  gradients.  Spectra  were  obtained  with  home-built  solenoidal  coils  fitted  around  the  tumor. 
Animal  body  temperature  was  maintained  at  37°C  by  heat  generated  from  a  pad  circulating  with 
warm  water.  For  the  31p  NMR  studies  mice  were  injected  intraperitoneally  with  a  solution  of  the 
extracellular  pH  marker  3-APP  (3-aminopropylphosphonate;  Sigma  Ltd.)  administered  in  a  volume 
of  0.2ml  saline  (480mg/kg)  following  anesthetization.  Fully  relaxed  31p  NMR  spectra  were 
obtained  using  a  45°  flip  angle,  na=64,  pd  =5s.  Parameters  were  determined  from  two  spectra 
obtained  per  tumor.  NMR  examinations  were  completed  within  20  minutes.  Extracellular  pH  (pHe) 
was  obtained  from  the  chemical  shift  of  3-APP  [48]  and  intracellular  pH  from  the  chemical  shift  of 

Pi  [49]  from  the  endogenous  reference  a-NTP  set  to  -7.57  ppm.  pHe  was  calculated  from  the 
relationship  pH  =  6.91  +  log[53.App  -  21.1 1]/(24.3  -  83.APP).  pHi  was  calculated  from  the 

relationship  pH  =  6.66  +  log[8pj  -  0.65]/(3.1 1  -  Spj).  Data  sets  were  processed  using  an  exponential 
line  broadening  factor  of  22  Hz.  A  non-linear  least  squares  curve  fitting  routine,  using  an  in-house 
computer  program  for  MR  data  analysis  written  by  Dr.  D.  C.  Shungu,  was  used  to  determine  peak 
areas  in  the  time  domain. 

Statistical  analysis  of  the  data  was  performed  using  StatView  II  version  1.04,  1991  (Abacus 
Concepts,  Inc.,  Berkeley,  CA,  USA).  One  factorial  analysis  of  variance  (ANOVA)  together  with  a 
2-tailed  unpaired  Student's  t-test  was  used  to  evaluate  the  statistical  significance  of  the  data. 

RESULTS 

All  the  cell  lines  were  tumorigenic  in  SCID  mice.  Growth  rates  for  control  and  transgene  tumors 
were  similar,  with  a  volume  doubling  time  of  12-14  days.  The  most  striking  difference  between  31p 
NMR  spectra  of  control  (Figure  1)  and  transgene  tumors  (Figure  2)  was  a  marked  increase  of  the 
peak  in  the  PDE  region  relative  to  the  PME  region  in  spectra  of  transgene  tumors.  Elevation  of  this 
peak,  comprising  of  membrane  phospholipid  breakdown  products  glycerophosphocholine  (GPC)  and 
glycerophosphoethanolamine  (GPE)  [50]  ,  was  observed  consistently  for  all  transgene  tumors 
(transfected  with  both  wild  type  as  well  as  inactive  forms  of  nm23-l  and  -2)  but  not  for  MDA-MB- 
435-V  control  tumors  or  MDA-MB-231  tumors.  Results  for  all  the  animals  in  the  study  are 
summarized  in  Table  1.  The  ratio  of  PDE/PME  was  significantly  higher  for  the  transgene  tumors 
compared  to  control  tumors.  A  subset  of  spectra  obtained  for  larger  tumor  volume  sizes  for  the 

MDA-MB-435-lTp  line  showed  similar  differences  in  PDE/PME  as  the  smaller  volume  sizes. 

Observations  made  in  vivo  were  also  apparent  in  the  spectra  of  cell  extracts  suggesting  that 
differences  in  the  GPC  and  GPE  peaks  for  the  transgene  tumors  are  due  to  intrinsic  cellular 
properties  arising  from  transfection  of  cells  with  nm23  rather  than  due  to  in  vivo  physiological 
effects  related  to  tumor  vascularization  or  the  fraction  of  necrosis. 

Significant  differences  in  intracellular  and  extracellular  pH  were  also  detected  for  the  transgene 
tumors.  Intracellular  pH  (pHi)  was  significantly  lower  for  nm23-l  and  nm23-2  transfected  tumors 
compared  to  those  derived  from  cells  transfected  with  vector  only  (Table  1).  Extracellular  pH  (pHe) 
was  significantly  higher  for  nm23-l,  nm23-2  and  nm23-2T  transgene  tumors  compared  to  control 
tumors  derived  from  cells  with  the  vector  only  (Table  1).  However,  no  significant  differences  in 
NTP/Pi  or  growth  rate  were  detected  for  the  different  lines. 
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Figure  1  Fully  relaxed  31p  NMR  spectra  obtained  from  an  MDA-MB-435-V  tumor.  Peak 
assignments  are  (1)  3-APP  (2)  phosphomonoester  (PME)  (3)  Inorganic  phosphate  (Pi)  (4) 

phosphodiester  (PDE)  (5)  phosphocreatine  (PCr)  (6)  y-NTP  (7)  a-NTP  (8)  (3-NTP.  Figure  2:  Fully 

relaxed  3  Ip  NMR  spectra  obtained  from  an  MDA-MB-435-ip  tumor.  Peak  assignments  are  as  for 
Figure  1.  Spectral  acquisition  parameters  for  in  vivo  tumors  are  detailed  in  Methods. 
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Table  1:  Parameters  obtained  for  in  vivo  tumors  derived  from  the  different  cell  lines  are  summarized 
in  Table  1.  Values  represent  Mean  +  1  S.E.M.  n  represents  number  of  tumors  studied  in  vivo  for 
each  group. 


Tumor  type 

Tumor 

volume 

(mm^) 

PDE/PME  = 

[GPE+GPC]/[ 

PE+PC] 

pHi 

pHe 

NTP/Pi 

Control 

MDA-MB-435-V 

n=7 

324  ±42 

0.60  ±0.05 

7.37  ±  0.07 

6.8  ±0.11 

0.94  ±0.05 

Transgene 

MDA-MB-435-lp 

n=6 

311  ±45 

1.45  ±  0.24a 

7.16±0.05b 

7.17  ±  0.1c 

0.8  ±  0.03 

Transgene 

MDA-MB-435-1TP 

n=8 

794  ±  74 
(n=4) 

296  ±  34 
(n=4) 

1.47  ±  0.13a 

1.36  ±  0.09a 

7.25  ±  0.08 

7.37  ±0.16 

7.0  ±0.14 

7.08  ±  0.03 

1.23  ±0.07 

0.83  ±0.10 

Transgene 

MDA-MB-435-2p 

n=6 

255  +  19 

1.36  ±  0. 14a 

7.15±0.06b 

7.09  ±  0.08c 

0.90  ±0.09 

Transgene 

MDA-MB-435-2TP 

n=4 

328  ±  58 

1.34  ±  0.18a 

7.19  ±0.06 

7.17  ±  0.22c»d 

0.87  ±  0.07 

Control 

MDA-MB-23 1 
n=6 

390  ±  45 

0.71  ±0.07 

7.25  ±  0.04 

7.0  ±0.11 

0.65  ±  0.08 

aPDE/PME  values  significantly  different  from  control  MDA-MB-435-V  tumors.  P<0.005  (unpaired  t-test),  99% 
confidence  limit  for  Fisher  Protected  Least  Significant  Difference  (Fisher  PLSD)  test  (ANOVA). 
bpFIi  values  significantly  different  from  control  MDA-MB-435-V  tumors.  P<0.05  (unpaired  t-test),  95%  confidence 
limit  for  Fisher  PLSD  test  (ANOVA). 

cpHe  values  significantly  different  from  control  MDA-MB-435-V  tumors.  P<0.06  (unpaired  t-test),  95%  confidence 
limit  for  Fisher  PLSD  test  (ANOVA);  **  92%  confidence  limit. 

DISCUSSION  AND  CONCLUSIONS 

31p  NMR  spectra  of  primary  tumors  in  SCID  mice  revealed  a  dramatic  and  consistent  difference  in 
the  phospholipid  composition  of  control  and  transgene  tumors  formed  by  derivatives  of  MDA-MB- 
435  human  breast  carcinoma  cells  transfected  with  nm23  constructs.  Since  transgene  tumors  were 
formed  by  pooled  transfected  cells,  these  alterations  cannot  be  due  to  peculiar  properties  of 
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individual  clone(s).  Transgene  tumors  in  vivo  and  cells  in  tissue  culture  exhibited  a  significantly 
higher  amount  of  GPE  and  GPC  relative  to  PE  and  PC  levels  when  compared  with  control  tumors  in 
vivo  and  cells  in  tissue  culture.  Increased  GPC  and  GPE  levels  were  due  to  transfection  of  cells  with 
nm23  and  appeared  to  be  unrelated  to  tumor  vascularization  or  the  necrotic  fraction.  Since  the 

subset  of  'large'  MDA-MB-435-1TJ3  tumors  showed  the  same  trends  as  the  'small'  MDA-MB-435- 

1T{3  tumors,  the  increased  GPC  and  GPE  levels  also  appeared  to  be  independent  of  tumor  size. 
Differences  in  phospholipid  compounds  were  detected  for  tumors  transfected  with  both  wild  type 
and  catalytically  inactive  forms  of  nm23-l  and  nm23-2.  Recent  observations  provide  evidence  both 
for  and  against  the  role  of  NDPK  activity  of  nm23  in  suppressing  metastasis  [51]  [37,  52];  in  our 
study  the  higher  GPC,  GPE  levels  for  the  transgene  tumors  appear  to  be  independent  of  NDPK 
activity.  Degradation  of  membrane  phospholipids  occurs  through  phospholipases  A1  and  A2  to 
GPC  and  GPE  and  then  by  GPC  and  GPE  phosphodiesterases  to  choline  and  ethanolamine  [53,  54], 
The  nm23  proteins  may  act  by  blocking  GPC  and  GPE  phosphodiesterase  activity  or  upregulating 
phospholipase  A1/A2  activity.  Thus  it  will  be  interesting  to  determine  effects  of  GPC  and  GPE 
phosphodiesterase  inhibition  or  phospholipase  A1/A2  upregulation  on  the  invasive  and  metastatic 
behavior  of  the  control  cell  line.  Alternately,  the  differences  in  phospholipid  degradation  products 
may  reflect  differences  in  membrane  turnover  and  degradation  rates,  and  fatty  acid  requirements 
between  the  control  and  transfected  cell  lines.  Cell  lines  with  catalytically  inactive  NDPK  appeared 
to  deplete  choline  in  the  medium  faster  than  the  other  cell  lines  since  feeding  these  cells  with  fresh 
medium  increased  levels  of  PC.  This  may  reflect  differences  in  PC  requirements  for  these  cell  lines. 

31p  NMR  spectroscopy  revealed  lower  steady  state  intracellular  pH  (pHi)  values  for  transgene 
tumors  formed  by  MDA-MB-435-lp  and  MDA-MB-435-2p  cells,  as  compared  to  control  tumors. 
In  contrast,  this  effect  was  not  observed  in  tumors  formed  by  MDA-MB-435~1T(3  and  MDA-MB- 

435-2TP  cells  transfected  with  catalytically  inactive  nm23-lT  and  nm23-2T.  Previous  studies  have 
shown  that  lowered  pHi  can  inhibit  GPC/GPE  phosphodiesterase  activity  [55].  However  such  an 
inhibition  does  not  appear  to  be  a  likely  explanation  for  the  elevated  PDE  levels  in  the  transgene 

tumors  observed  here,  since  both  MDA-MB-435-lT(3  and  MDA-MB-435-2TJ3  tumors  exhibited  high 
PDE/PME  levels  despite  having  pHi  values  very  similar  to  control  tumors.  31p  NMR  spectroscopy 
revealed  significantly  higher  extracellular  pH  (pHe)  values  for  transgene  tumors  formed  by  MDA- 

MB-435-ip,  MDA-MB-435-2P  and MDA-MB-435-2TP  cells.  These  results  are  particularly 

interesting,  since  only  control  cells,  and  MDA-MB-435-1TP  cells  retain  high  metastatic  potential  in 
a  nude  mice  assay,  while  other  transfected  cell  lines  display  a  significantly  decreased  metastatic 
potential.  Low  extracellular  pH  can  enhance  the  invasive  behavior  of  human  breast  carcinoma  cells. 
An  acidic  pericellular  pH  was  found  to  increase  the  secretion  of  the  active  form  of  the  lysosomal 
protease  cathepsin  B  over  time  for  human  breast  cancer  cells  [16].  The  differences  in  intra-  and 
extracellular  pH  between  control  and  transgene  tumors  may  be  related  to  a  higher  build  up  of  protons 
in  the  extracellular  environment  of  more  metastatic  breast  tumor  cells,  due  to  more  efficient 
mechanisms  for  the  extrusion  of  intracellular  protons.  If  confirmed,  these  results  may  open  new 
opportunities  for  diagnosis/prognosis  of  metastatic  dissemination  as  well  as  potential  targeting  of  pH 
regulation  for  anti-metastatic  therapeutics. 

This  is  the  first  in  vivo  observation  which  links  activity  of  a  putative  metastasis  suppressor  nm23 
gene  to  metabolic  processes.  Our  data  demonstrate  the  power  of  in  vivo  NMR  in  unraveling 
mechanisms  controlling  metastatic  dissemination  of  tumor  cells.  These  results  also  demonstrate  the 
potential  of  noninvasive  NMR  to  detect  forms  of  gene  therapy  for  suppression  of  metastasis  which 
may  involve  transfection  of  cells  with  nm23. 
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